Cancer phenotypic lethality, exemplified by the non-essential MTH1 enzyme being required for cancer survival
Modern targeted anti-cancer treatments often come in the form of small molecules or antibodies (biologics) that bind to a specific protein and inhibit its function. We just describe a small molecule inhibitor which inhibits a novel target MTH1, and selectively eradicates cancer but not normal cells [1, 2] . The concept of inhibiting MTH1 differs from targeting oncogenes, which represent a majority of the targeted therapies. Instead, inhibition of MTH1 falls into the category of 'non-oncogene addiction' targets [3] , and most likely requires a different approach to be successful in the clinic. Also, several novel non-oncogene addiction targets do not fall under the personalized medicine paradigm and biomarkers have not been successfully implemented for patient selection. Here, I put MTH1 and other novel non-oncogene addiction targets in perspective.
targeting oncogene addictions
Oncogene addiction is a genetic defect in the cancer that drives the disease and can potentially be tailored for treatment. The development scheduling is logical and was beautifully exemplified by imatinib, which is a molecularly targeted treatment of the BCR-Abl tyrosine kinase present on the Philadelphia chromosome in chronic myeloid leukaemia, converting a fatal cancer into a manageable chronic condition [4] . There is a strong rationale for targeting oncogenes and novel targetable gene mutations are now identified at an unprecedented pace by the next generation sequencing of cancers. Pharmaceutical industry has successfully employed this strategy in the rapid introduction of novel anti-cancer treatments. Typically, it used to take 10-15 years developing a treatment until it reached the market. The first targeted therapy that changed this paradigm was the B-RAF inhibitor vemurafenib. The original B-RAF mutation was identified at the Sanger Centre in Cambridge in 2002 [5] and intensive follow-up work demonstrated that it was an oncogene in 2004 [6] , this subsequently led to initiation of several drug discovery programmes, and approval of vemurafenib in B-RAF mutant melanoma in 2011, which essentially halved the expected drug development time to market. Several other novel oncogene-targeting drugs have reached the market within record time, such as the ALK inhibitor crizotinib and the expectation is that many more novel targeted drugs will appear in the near future, accompanied by a distinct, often target-related, biomarker.
targeting non-oncogene addictions
Many clinicians have now integrated novel targeted treatments into practice and, for some indications, such targeted agents are replacing traditional first-line cytotoxic treatments. The widespread use of genetically identifying and tailoring treatments is a paradigm shift in oncology. However, there is yet another group of targeted therapies not based on targeting oncogenes. Broadly, these treatments are classified as 'non-oncogene addiction' targets for anti-cancer treatments [3] . These share the common feature of targeting processes that are used for cancer cell survival, typically to a higher degree than in normal cells. There are numerous examples how we are able to exploit cancer-specific dependencies, such the proteasome inhibitor bortezomib, which targets the increased requirement for proteasome activity in cancers [7] , or Chk1 and ATR kinase inhibitors that are required to mediate survival in cancer owing to their high load of DNA damage at replication forks [8] . Since healthy cells inherently generate much lower levels of DNA damage, they are much less dependent on these targets for survival and, hence, the therapeutic index is variable between different cancers, in combination with various treatments and in different contexts. Consequently, it is not straight forward to identify biomarkers to determine responding patient cohorts.
synthetic lethal concept for treatment of cancer
Gene mutations in cancer results in activation of oncogenes which drive the cancer and inactivation of tumour suppressors. Tumours suppressors are not easily targeted therapeutically as cancers have lost the gene function. They can however be targeted indirectly by inhibiting other pathways, the mutated cancer cells become dependent on, through the concept of synthetic lethality. The concept of synthetic lethality is an approach to target a normally non-essential pathway that becomes essential for cancer survival only in the context of a pre-existing gene mutation. Hence, the therapeutic index achievable with this approach is much wider than when targeting pathways that are also required for the survival of healthy cells. The classic example of synthetic lethality is our earlier discovery that PARP inhibitors selectively kill BRCA1-or BRCA2-mutated tumours [9, 10] . PARP1 knockout mice are viable and grow old, so inhibition of PARP is unlikely to be associated with acute toxic effects. However, some dose-limiting side-effects are observed in patients after administration of PARP inhibitors in monotherapy which may potentially be related to the PARP1 protein being trapped on to DNA following inhibition which may in turn also be toxic. The obvious experiment is to use PARP1−/− mice to test if the side-effects with PARP inhibitors are target editorials editorials
related, but such experiments have not been carried out to my knowledge. In any case, many PARP inhibitors are overall well tolerated and can be used as maintenance treatment in platinumsensitive relapsed ovarian cancer, with favourable results [11] .
cancer phenotypic lethality in anti-cancer treatment
The idea of targeting a normally non-essential enzyme, which only becomes essential in cancer cells is very attractive as it would avoid the dose-limiting side-effects associated with many current treatments. Unfortunately, the synthetic lethal concept suffers from similar resistance problems as many other treatments targeting the genotype and resistance does emerge, likely through additional genetic changes [12, 13] . For instance some BRCA-mutated cancers fail to respond to PARP inhibitor treatment and the responses obtained are rarely complete [14] . Ideally, one would want to use the synthetic lethal concept more generally, to identify a non-essential enzyme, generally essential in cancer. In two recent papers using different approaches, we come to the same conclusion that the normally non-essential enzyme MTH1 becomes crucial for survival in cancers [1, 2] . This provides an example of a more general approach for the treatment of cancer. Here, I use the term 'cancer phenotypic lethality' to describe a treatment that targets a non-essential enzyme in normal cells generally required for the survival of the cancer phenotype ( Figure. 1 ). Such treatment may be advantageous to targeting the genotype, as it can potentially be used more broadly, irrespectively of the genotype in cancer. This is a great advantage, as many targetable mutations, e.g. ALK mutations in non-small-cell lung cancer, are infrequent and some cancers appear to have few targetable mutations at all, e.g. small-cell lung cancer. Also, a general treatment targeting the cancer phenotype can be useful in many rare cancers that are today neglected. The most obvious benefit would of course be that a non-essential enzyme is being targeted, therefore minimizing acute side-effects, and allowing it to be given as a maintenance therapy in many indications. Of course, this all depends on the ability to identify a drug that is free from off-target effects at other essential enzymes. Emerging resistance is a general problem when targeting the cancer genotype, as many different genotype combinations are allowed to manifest the disease. In contrast, many cancers share altered metabolic pathways, such as the glycolysis activation (Warburg effect), and there are hopefully fewer phenotypic alterations allowed for cancer survival.
There are many challenges ahead in translating non-oncogene addiction, as patients cohorts are likely not easily identifiable. Clearly, the effective use of these inhibitors creates a demand for increased scientific input into clinical trials design and the ability to think outside the box. A very exciting time lies ahead. , where up-regulated activities are targeted to obtain cancer-specific cell toxicity. An advantage is that this type of treatment is not limited to cancer genotype and may be more widely applicable. However, these therapies target essential pathways which can result in dose-limiting toxicity. In the 'synthetic lethal' (C) treatment of cancer, a normally non-essential enzyme is targeted that becomes essential in the mutated cancer. In this approach, a favourable therapeutic window is most likely obtained owing to the non-essential nature of the target. However, further genetic changes are associated with emerging resistance. By 'cancer phenotypic lethality' (D), a normally non-essential enzyme is targeted that becomes essential in the cancer phenotype. This approach is clinically unexplored, but should give few side-effects while being useful in many indications since the treatment is not limited to a specific cancer genotype. Green designates wild-type protein, pink designates mutated protein, filled designates essential protein and unfilled designates non-essential protein.
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